A portion of the gene coding for the Cro repressor protein of bacteriophage X has been chemically synthesized, incorporating base pair changes that generate restriction endonuclease sites without altering the amino acid coding sequence. These restriction endonuclease sites were used to remove small segments of the synthetic cro gene and the segments were replaced with duplexes carrying desired mutations. Altered Cro proteins produced by mutants constructed in this manner were then assayed for binding to X operator OR3 in vivo. Mutations directed into the region of the cro gene encoding the a-3 helix produced altered Cro proteins with a range of affinities for operator DNA. These changes suggest which amino acids play an important role in Cro-0R3 complex formation.
OR3 in vivo.
Mutations directed into the region of the cro gene encoding the a-3 helix produced altered Cro proteins with a range of affinities for operator DNA. These changes suggest which amino acids play an important role in Cro-0R3 complex formation.
Recently, several new lines of investigation have provided substantial insight into the mechanism by which sequencespecific DNA-binding proteins recognize and bind to sites on double-stranded DNA. Of fundamental importance has been the elucidation of the structures of three DNA-binding proteins: the catabolite gene activator protein (CAP) from Escherichia coli (1), the amino-terminal fragment of cI repressor protein from bacteriophage X (2) , and Cro repressor protein, also from X (3) . All three proteins show structural similarities, the most notable of which is a protruding bihelical unit. It has been proposed that in each case one of the helices provides most of the sequence-specific contacts within the major groove of B-DNA (4) (5) (6) . Furthermore, sequence homologies among other DNA-binding proteins suggest that this two-helix motif may be a common feature of DNA recognition (6) (7) (8) . Cro protein, the smallest repressor characterized to date, binds as a dimer to six sites of 17 base pairs each, which are clustered into two operator regions on the phage genome (9) . Refinement of the structure of Cro at high resolution has allowed a detailed model to be proposed for complex formation with operator DNA (10) . The model predicts several specific contacts between each Cro monomer and base pairs in the major groove. These contacts involve amino acid side chains either within or near the a-3 helix of Cro. In addition, several sequence-independent interactions between the protein and the DNA backbone have been predicted (10) .
In this report we describe the design, construction, and cloning of a synthetic cro gene fragment, which allow specific mutations in the coding region to be made with ease. The effect of several such mutations on Cro repressor binding to operator OR3 is also described. (14) except that purification was carried out by reversed-phase HPLC using a AuBondapak C18 column from Waters Associates. Enzymatic ligations of synthetic deoxyoligonucleotides were completed as described (15) .
Colony Hybridization. Colonies containing plasmids with synthetic inserts were screened by the method of Gergen et al. (16) .
DNA Sequence Analysis. DNA sequences were confirmed by the method of Maxam and Gilbert (17) .
RESULTS
Design of the Synthetic cro Gene Fragment. The plasmid pTR190 carries the wild-type cro gene under the control of the lac tJV5 promoter (12) . A deletion between the lac Shine-Dalgarno sequence and the cro initiation codon results in a plasmid that directs the synthesis of an extremely small amount of Cro protein (<0.0006% of the total soluble protein) (12 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , which includes the a-3 helix of Cro (amino acids 27-36), that has been proposed to make specific contacts with base pairs of operator DNA (10) . The 31 base pair changes designed into the synthetic cro gene fragment were introduced without changing the wild-type amino acid coding sequence or dramatically altering the codon usage pattern (Fig. 1 ). These changes were made in order to generate restriction sites and to prevent misligation of the synthetic deoxyoligonucleotides due to direct or inverted repeat sequences.
Chemical and Enzymatic Synthesis of the Synthetic cro Gene Fragment. Twenty oligomers were chemically synthesized by using the rapid solid-phase phosphoramidite approach (14) . The ligation plan for assembling the cro gene fragment from these oligomers is shown in Fig. 2 . The initial ligation was divided into three parts to minimize fragment mismatches and to maximize yield. The right half of the duplex formed readily (section C), while the left half was assembled in two reactions (A and B). Subsequent ligation of the products isolated from the initial reactions (A, B, and C) yielded a final product containing the entire 135-base-pair (bp) duplex.
Cloning the Synthetic cro Gehe Fragment. The plan for constructing a plasmid carrying the synthetic cro gene fragment is shown in Fig. 3 lactose-utilizing) colonies were obtained that were assumed to carry the synthetic Bgl II/Sal I fragment. The basis for this assumption was that cells carrying a functional cro gene will produce Cro protein that binds to OR3 and turns off synthesis of f3-galactosidase in this system (Fig. 4) . Plasmid DNA from one of these clones was isolated and characterized by restriction mapping. DNA sequence analysis showed that this plasmid, pJN02, carried the synthetic duplex containing Bgl II and Sal I cohesive ends and restriction sites for Bgl II, BamHI, Xmn I, and Xma III.
Incorporation of Mutations into the Synthetic cro Gene. The strategy for directing mutations into the cro gene region encoding the a-3 helix is depicted in Fig. 3 . Plasmid pJN02 was cleaved with Bgl II and the resulting mix was ligated. After transformation, a plasmid (pJN03) missing the 49-bp Bgl II fragment was isolated. Several 49-bp synthetic duplexes, each containing a desired mutation, were constructed. The small duplexes were each assembled by ligating eight oligomers, 12-14 nucleotides in length, to form a 49-bp duplex with Bgl II cohesive ends. Each duplex was inserted into the Bgl II site of plasmid pJN03, and colonies carrying plasmids with synthetic inserts were identified by colony hybridization as shown in Fig. 5 . Positive colonies were rescreened with a synthetic probe that spans the vector-insert junction to determine which clones contained hybrid plasmids with the synthetic fragment inserted in the proper orientation (Fig. 5) . Under the appropriate conditions, only those plasmids having the insert in the proper orientation will hybridize to this probe. Finally, each insert having the proper orientation was characterized by DNA sequencing. A total of 11 mutations have been directed into cro by this approach. Each of these mutations alters the Cro protein sequence by a single amino acid.
In Vivo Cro-Binding Assay. E. coli strain 71-18 (X112A265-prmup-1) carrying plasmids containing either wild-type or synthetic cro genes were grown in M9 glucose medium (18) supplemented with ampicillin (20 Ag/ml) and, where indicated, IPTG (1 mM) and assayed for 83-galactosidase activity (18) . Growth of the strains in the presence of IPTG inactivates lac repressor, resulting in the induction of Cro protein synthesis. Cro, in turn, shuts off transcription of lacZ initiated at Pm, (Fig. 4 ). An initial experiment was carried out to compare the operator binding of Cro made from the synthetic cro gene carried by pJN02 to that made from the wild-type sequences carried by pTR190 and pTR214 (Fig. 6) . The latter plasmid directs the synthesis of at least 1000-fold more Cro (1% of the soluble protein) than pTR190 (12 galactosidase synthesis in the presence of IPTG is due to inhibition by IPTG of the hydrolysis of the chromogenic substrate o-nitrophenyl ,B-D-galactopyranoside used in the assay (data not shown). To demonstrate that p-galactosidase levels can be directly correlated with Cro binding to OR3, a strain was lysogenized with the phage X112A265prmup-1 OR3rI (11) , which carries a mutation in OR3 that reduces the affinity of Cro for this site. Subsequent induction of this strain transformed with pTR190 failed to turn off l3-galactosidase synthesis (data not shown).
-8-Strains carrying plasmids with specific mutations in the region of cro encoding the a-3 helix were also assayed for OR3 binding (Fig. 7) . The 11 mutants, which produce amino acid substitutions at six different positions, can be divided into three classes with respect to their ability to bind to OR3. The substitutions Tyr-26 --Asp, Gln-27 --Leu, Gln-27 -* Cys, Gln-27 --Arg, Ser-28 -* Ala, and Ala-33 -* Lys allow levels of B-galactosidase activity similar to the level from a pJN03-carrying strain, indicating a markedly diminished ability to bind OR3. Strains producing Cro proteins that carry the substitutions Tyr-26 --Lys, His-35 -* Arg, Ala-36 -* Thr, and Ala-36 -* Lys show B-galactosidase activity levels that are similar to wild-type Cro produced by pJN02, indicating that these substitutions do not drastically decrease OR3 binding capacity, although small differences in binding may be masked by saturating levels of Cro. However, an intermediate level of activity is seen in the strain carrying the Tyr-26
Phe substitution.
DISCUSSION
The recent determination of the structure of X Cro protein has allowed a detailed model to be proposed for complex formation with operator DNA (10) . The model predicts that several amino acids in or near the a-3 helix of Cro make sequence-specific hydrogen bonds and van der Waals contacts. Among the amino acids participating in this site-specific recognition are Tyr-26, Gln-27, and Ser-28. The model proposes that the hydroxyl group of Tyr-26 donates a hydrogen bond to the 04 of a thymine, while the side chain amide of Gln-27 donates a hydrogen bond to the N7 and accepts a hydrogen bond from the N6 of an adenine. In addition, Gln-27 appears to make a van der Waals contact with a thymine methyl group. Two hydrogen bonds are also formed between the side-chain hydroxyl of Ser-28 and an adenine. c. (10) . It is extremely interesting that Gln-27 and Ser-28 are conserved at analogous positions in X repressor (6) (7) (8) and have been proposed to interact in sequence-specific manner (19) . It has been found that substitutions at these two positions in repressor substantially reduce operator binding (20) .
We perceive that the understanding of the recognition process between Cro protein and operator DNA will be facilitated by the introduction of a large number of changes in Cro protein via mutations in the cro gene. Ideally, these changes will include not only specific point mutations, which can be introduced by current procedures (21) , but also amino acid deletions and insertions and multiple amino acid changes. In this report we describe the construction of a vector that carries a synthetic cro gene designed to easily accomodate any of these types of changes. We also demonstrate the ease with which changes can be made in the region of cro coding for the a-3 helix of Cro repressor, although the procedure described here is applicable to any portion of the protein that is encoded by the synthetic DNA fragment.
